Experimental and analytical results are presented regarding the temperature evolution in 100Cr6 steel under uniaxial loading. Differently heat-treated conditions of the material are studied at different strain rates. In the annealed state, the materials exhibits a pronounced initial yield stress as it passes from the elastic region to the plastic through discontinuous yielding. In contrast, the quenched and tempered material yields continuously. The focus of the paper is on the temperature decrease during elastic deformation that precedes the more pronounced heating due to inelastic dissipation once the elastoplastic limit stress is surpassed. The applicability of the maximum temperature decrease in the elastic regime as a replacement for the commonly used 0.2%-strain measure to define the elastoplastic limit is discussed. For 100Cr6 steel, the 0.2%-strain measure is found, in some cases, to overestimate the initial yield stress by 50 MPa. The drop in temperature corresponding to the shift from elastic to inelastic material behavior is experimentally determined and compared to predictions by the Kelvin formula which in the current study give a maximum 50% error.
Introduction
The thermal conditions will continuously change during deformation of a solid material. Considering uniaxial loading of metals and steel, the deformation can with close agreement initially be considered to be linearly elastic. When the elastic limit is reached and yielding occurs, kinks and dislocations that were initially sessile will become mobile, increasingly organized, and also multiply in number. This dynamic instability in the material marks the change in deformation behavior from elastic to plastic, that is, from reversible to irreversible. The elastic limit is in many cases hard to precisely determine from material tests, motivating the common approximation of the initial yield stress by σ 0.2 , the stress at 0.2% inelastic strain. It has been suggested in, for example [1, 2] that this ambiguous measure be replaced by considering the thermal behavior of the material. During elastic-and presumably reversible-deformation of a solid material, the thermoelastic interaction will lead to a decrease in temperature. It is suggested that the temperature will reach its lowest level in conjunction with the initial yielding of the material. This temperature decrease is in the order of 1 K in metals and steel while polymers can exhibit a more pronounced temperature drop, cf. [3] . Once the deformation passes from the elastic to the plastic region, the internal plastic work will lead to internal heating that rapidly masks the thermoelastic cooling and reverse the temperature trend. The maximum drop in temperature thus indicates the point at which the thermoelastic cooling and the heating due to plastic dissipation is equal in magnitude.
The thermoelastic temperature decrease was addressed and quantified already by Kelvin, who related the adiabatic temperature change during deformation of a solid to the coefficient of thermal expansion, the density, and the specific heat of the material. A slightly different point of view was put forward by [4, 5] , who recognized a constant ratio between the coefficient of thermal expansion and the specific heat of a material. Different expressions for the corresponding Grüneisen parameter have since emerged in literature. The relation between the Kelvin formulation and the Grüneisen parameter is discussed in [6] in relation to for example, material selection in strain gages. The temperature decrease during elastic deformation has also been discussed in [1, 2, 7] in connection with the prediction of the elastoplastic limit.
ISRN Thermodynamics
Thermoelastic effects in connection with measurements of the subsequent stored energy of cold work are discussed in relation to experiments in [8] [9] [10] [11] [12] [13] . Similar studies were performed in [14, 15] which focussed on the temperature evolution in front of a propagating crack. Thermoelastic material behavior in shape-memory alloys during cyclic loading is discussed in [16, 17] and in rock material in [18] .
The present work includes both experimental and analytical results on the thermoelastic behavior of 100Cr6 steel under uniaxial loading. This steel is frequently used in engineering applications, for example, in bearing applications. Differently heat-treated conditions of the material are used and the specimens are subjected to different strain rates. The material-in the annealed condition-exhibits a distinct initial yield stress followed by discontinuous yielding, resulting in an uncertain corresponding yield strain. This yield plateau is absent in the quenched and tempered 100Cr6 that is also studied here. Considering the thermomechanical coupling, theoretical assessments are made of the temperature drop during elastic deformation of the material and its applicability to prediction of the elastoplastic limit.
A discussion is given initially regarding the calculation of the thermoelastic temperature drop after which experimental findings are discussed with a comparison of experimental data and theoretical predictions.
Thermodynamic Considerations
The first and second laws of thermodynamics allow the heat equation to be written as
whereẆ p andẆ e are the rates of plastic and elastic work, respectively. The mass density is denoted by ρ, the specific heat by c, and the absolute temperature by θ. Noting thaṫ W p is zero during elastic deformation, the thermoelastic behavior is determined fromẆ e . Since the thermal strains are assumed to be purely volumetric,Ẇ e will appear aṡ
where K is the bulk modulus and where tr(·) denotes the trace of a tensorial quantity. The small strain tensor is denoted by ε, and assuming isotropy, the thermal strain tensor is written as α = α1 with α being the coefficient of thermal expansion. The rate of temperature change is now found by combining (1) and (2) and subsequent integration gives the Kelvin formula for thermoelasticity under adiabatic conditions as
where the notation ϑ = θ − θ 0 was introduced to denote the relative temperature, θ 0 being the reference temperature. In (3), it was also used that tr(σ) = 3K[tr(ε) − 3α(θ − θ 0 )], valid since isotropic materials are considered. Note that under uniaxial conditions we have the identity tr(σ) = σ. 
Experimental Results
A 100Cr6 steel was studied in two differently heat-treated conditions: as-received spheroidize-annealed material (SA) having a microstructure of ferrite, containing spheroidized carbides and also a material that was quenched and tempered (QT) at 610
• C for 120 minutes resulting in a martensitic microstructure with a hardness of 170 HV, cf. [12] . Tensile specimens, cf. Figure 1 , were prepared and uniaxially loaded in a servo-hydraulic load-frame at strain rates of 0.14/s and 0.0014/s. The tensile bars had a total length of 150 mm, gauge length 70 mm, and gauge diameter 7 mm. The bars were machined with 20 mm M10-threading at each end to allow fastening in the load-frame grips. K-type thermocouples were spot-welded to the specimen surfaces to monitor the change in temperature. Figures 2 and 3 show the stress-strain response and the corresponding changes in temperature for the SA and QT material, respectively. The graphs are averages of ten measurements. The 0.2% strain measure is indicated in the figures by dotted lines.The SA material exhibits a discontinuous yielding characterized by an upper initial yield point from which the subsequent yield stress drops as dislocations are freed from obstacles allowing them to move more easily. During a yield point, straining the dislocation density rapidly increases and work hardening gradually raises the stress level. This plateau is absent in case of the QT material which moves from the elastic to the plastic regime through essentially continuous yielding. The discontinuous yielding of the SA material makes it difficult to determine a distinct strain at which yielding occurs. However, considering the maximum temperature drop in Figure 2(b) , a more clearly defined strain level is obtainable. In case of, the QT material continuous yielding occurs, making it seemingly easier to obtain the strain at which the elastoplastic limit is reached. Following [19] , the mass density of the material is taken as ρ = 7850 kg/m 3 , the specific heat as c = 584.13 J/kg K, and the coefficient of thermal expansion as α = 14.4 × 10 −6 1/K. This allows theoretical predictions of the temperature change using (3). Examining Figures 2  and 3 , it is possible to make an assessment of how well the 0.2% strain measure corresponds to the point where the thermoelastic temperature decrease reaches its maximum.
The experimentally obtained temperature drops are compared to those obtained by (3) in Table 1 From this  table, it is seen that the calculated and measured temperature changes correspond relatively well except for the QT material at the higher strain rate. The difference in this case is approximately 50%.
The strain and stress at the point of minimum temperature is compared to the standard σ 0.2 -measure in Table 2 . It can be concluded that the yield stresses given by the 0.2% ISRN Thermodynamics strain measure closely resemble the values obtained for the minimum temperature when considering the SA material. This is of course due to the yield plateau with a sharply defined stress level over an interval of corresponding yield strain. On the other hand, when considering the QT material, the 0.2% strain measure severely overestimates the yield stress as compared to that at the minimum temperature.
Yield stress differences in the order of 50 MPa are found which undoubtedly are of interest in practical applications.
Concluding Remarks
The temperature evolution during uniaxial loading of two differently heat-treated conditions of 100Cr6 steel is studied. By monitoring the minute temperature drop during elastic loading, a determination of the elastoplastic limit that is believed to be more adequate than the standard 0.2% strain measure is obtained. This is especially useful in the case of for example, annealed 100Cr6 where discontinuous yieldingand uncertain yield-point straining-occurs. Correspondingly, a quenched and tempered condition of 100Cr6 with continuous yielding reveals differences of up to 50 MPa in yield stress when comparing the stress obtained by the 0.2% strain measure with the stress level at minimum temperature.
The experimental results are compared to the theoretical temperature changes as predicted by the Kelvin formula with reasonable agreement in some cases but with up to a 50% difference in some, indicating shortcomings of the Kelvin formula.
